In the Republic of Korea, efficient biogas-fuelled power systems are needed to use the excess biogas that is currently burned due to a lack of suitable power technology. We examined the performance of a biogas-fuelled micro-gas turbine (MGT) system and a bottoming organic Rankine cycle (ORC). The MGT provides robust operation with low-grade biogas, and the exhaust can be used for heating the biodigester. Similarly, the bottoming ORC generates additional power output with the exhaust gas. We selected a 1000-kW MGT for four co-digestion plants with 28,000-m 3 capacity. A 150-kW ORC system was selected for the MGT exhaust gas. We analysed the effects of the system size, methane concentration, and ORC operating conditions. Based on the system performance, we analysed the annual performance of the MGT with a combined heat and power (CHP) system, bottoming ORC, or both a bottoming ORC and CHP system. The annual net power outputs for each system were 7.4, 8.5, and 9.0 MWh per year, respectively.
Introduction
Ocean dumping of food waste, sewage sludge, and animal manure was banned in 2012-2013 as the 1996 protocol to the London Convention took effect. As an alternative to dumping garbage in the sea, the usage of both garbage incineration and recycling is increasing in the Republic of Korea [1] . The Korean government is paying particular attention to recycling because it produces profitable by-products. The main garbage recycling method is anaerobic digestion (AD) [2] , where waste is introduced to a digestion chamber, and anaerobic bacteria start cracking down the organic waste matter after the oxygen is exhausted. The waste is reduced, and as a by-product biogas is produced. The Korean government built 92 biogas plants in 2015, and 21 more plants are planned [3] . A sales network is also being built, and there are plans to supply the biogas to the national natural gas pipeline network [4] . To achieve the required heating value, 2% of the biogas will be mixed with natural gas. Nationwide introduction will take time due to the large costs involved. Unfortunately, Korea lacks biogas-fuelled power technology, so much of the biogas is simply burned in incinerators [5] .
Various systems have been discussed for use in a biogas-fuelled power systems, such as fuel cells, internal combustion engines, and micro-gas turbines (MGTs) [6] . Among these, fuel cells show unstable operating characteristics due to their high dependency on the partial pressure of the fuel flow [7] . Internal combustion engines show decreased thermal efficiency due to delayed combustion with a high CO 2 concentration fuel [8] . MGTs show a small performance degradation, but it can be alleviated by decreasing the compressor surge margin [9] . MGTs are an ideal solution for current Figure 1 shows a schematic of the system. The Brayton cycle is the topping cycle, and the Rankine cycle is the bottoming cycle. In the case of the Brayton cycle, ambient air enters the air compressor, which raises the pressure and temperature. The air is heated up in the recuperator using exhaust gases from the gas turbine and mixed with compressed fuel in the combustor. The combustor limits the maximum temperature of the product gases, which occurs at the turbine inlet temperature. Next, the hot gases expand in the gas turbine, which is coupled to a generator, and then they enter the low-temperature heat recovery system. A single shaft mechanically connects the compressor and the turbine to the electric generator.
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The ORC system is composed of a pump, evaporator, turbine, condenser, and cooling water pump. After the working fluid leaves the pump, it enters the evaporator and absorbs heat from the heat source. The source fluid enters the evaporator and leaves after heating the working fluid. The high-pressure working fluid vapor drives the turbine to generate the expansion work while relieving the pressure with declining temperature. Low-pressure vapor is extracted from the turbine and flows to the condenser, which reduces its temperature using cooling water and produces heating water for the anaerobic digesters. The anaerobic digester temperature must be kept within a proper range to produce biogas. The working fluid is R245fa. Figure 1 . Schematic diagram of a biogas-fuelled micro-gas turbine with a bottoming organic Rankine cycle power system.
System Modelling
The Brayton cycle is designed to maintain a temperature of 950 °C and a pressure ratio of 4.5 at the gas turbine. The organic Rankine cycle is designed to have a constant specific evaporator pressure with an exhaust gas temperature of 280 °C from the MGT.
Brayton Cycle

Combustor
The combustor is fed with air from the compressor-recuperator and fuel from the fuel feeder. The fuel is completely consumed, and a pressure drop of 2% occurs. The mass flow rate of the fuel entering the combustor is calculated as follows:
where Qc is the heat energy supplied to the combustor, and LHVCH4 is the low heating value of the methane. The recuperator output temperature toward the combustor is calculated by: Figure 1 . Schematic diagram of a biogas-fuelled micro-gas turbine with a bottoming organic Rankine cycle power system.
The ORC system is composed of a pump, evaporator, turbine, condenser, and cooling water pump. After the working fluid leaves the pump, it enters the evaporator and absorbs heat from the heat source. The source fluid enters the evaporator and leaves after heating the working fluid. The high-pressure working fluid vapor drives the turbine to generate the expansion work while relieving the pressure with declining temperature. Low-pressure vapor is extracted from the turbine and flows to the condenser, which reduces its temperature using cooling water and produces heating water for the anaerobic digesters. The anaerobic digester temperature must be kept within a proper range to produce biogas. The working fluid is R245fa.
System Modelling
The Brayton cycle is designed to maintain a temperature of 950 • C and a pressure ratio of 4.5 at the gas turbine. The organic Rankine cycle is designed to have a constant specific evaporator pressure with an exhaust gas temperature of 280 • C from the MGT.
Brayton Cycle
Combustor
where Q c is the heat energy supplied to the combustor, and LHV CH4 is the low heating value of the methane. The recuperator output temperature toward the combustor is calculated by:
where T r,g,i is the temperature of the exhaust gas entering the recuperator, T r,a,i is the temperature of compressed air entering the recuperator, and η r is the temperature effectiveness of the recuperator. The output temperature of the fuel feeder is calculated as follows [29] :
where T f,i and T f,o are the fuel temperatures entering and leaving the fuel feeder, P f,i and P f,o are the fuel pressures before and after the fuel feeder process, R f is the gas constant of the fuel, MW f is the molecular weight of the fuel, C p,f is its specific heat at constant pressure, and η f is the fuel feeder's isentropic efficiency. The power consumption by the fuel feeder is calculated by:
where m f is the mass of fuel entering the fuel feeder. The air compressor output temperature and work are calculated similarly to those of the fuel feeder.
Micro Gas Turbine (MGT)
The MGT output temperature is calculated as follows [29] :
where T g,i and T g,o are the temperature of the combustion gas entering and leaving the MGT, P g,i and P g,o are the combustion gas temperatures before and after the MGT process, R g is the gas constant of the combustion gas, MW g is its molecular weight, C p,g is its specific heat at constant pressure, and η g is the gas turbine's isentropic efficiency. The power output generated by the MGT is calculated by:
where m g is the mass of the combustion gas entering the MGT.
Power and Electrical Efficiency
Considering miscellaneous losses such as mechanical loss and generator loss, the power of the MGT is calculated as follows:
where η l is the efficiency of the mechanical parts and generator of the MGT, and W c is the power consumption by the cooling water pump. The electric efficiency is the ratio of useful energy produced by the MGT system to the amount of energy supplied to it.
Organic Rankine Cycle
Evaporator and Condenser
The amount of waste heat in the exhaust gas is calculated as follows:
where T w,i and T w,o are the temperature of the exhaust gas entering and leaving the evaporator, m s is the mass of the heat source entering the evaporator, and C p,s is the specific heat source at constant pressure. For a specified mass flow rate of exhaust gas fluid m w , the energy balances at the evaporator and condenser can be used to determine the mass flow rate m r of the R245fa fluid in the ORC system and the rate m c of the cooling water:
where T s,i and T s,o are the temperature of the heat source entering and leaving the evaporator, h e,i and h e,o are the enthalpy of the exhaust gas entering and leaving the evaporator, and h c,i and h c,o are the enthalpy of R245fa fluid entering and leaving the condenser.
Pump and Cooling Water Pump
The work done by the pump is calculated as follows:
where P p,i and P p,o are the pressure of R245fa fluid entering and leaving the pump, and V P is the volume of R245 fluid entering the pump. The power consumption by the cooling pump is calculated as follows:
where P c,i and P c,o are the pressure of cooling water entering and leaving the cooling water pump, and V c is the volume of R245fa entering the cooling water pump.
Turbine
The work generated by the turbine is calculated as follows:
where P t,i and P t,o are the pressures of R245 fluid entering and leaving the turbine, and V t is the volume of R245 entering the turbine.
Power, Thermal and Electrical Efficiencies
where η l is the efficiency of the mechanical parts and generator of the MGT. The thermal efficiency is the ratio of useful energy produced by the ORC system to the amount of energy supplied to it:
The electrical efficiency is the ratio of useful energy produced by the MGT system to the amount of energy supplied to the total system (MGT + ORC). Figure 2 shows the Matlab/Simulink blocks used for performance analysis of the system. The outputs of the block for the MGT provide the mass flow rate and the outlet temperature. The obtained work inputs required by the MGT are used as inputs for the ORC system. The thermophysical properties were calculated using REFPROP 9.1.
Solution Methodology
Several assumptions and hypotheses were made:
(1) The systems are in steady state and heat losses are ignored. (2) The isentropic efficiencies of the MGT and ORC turbines are assumed to be 85% and 80%.
High values are selected to analyze the potential of the system. (3) The mass flow rate and heat in the exhaust gas are expressed as those of air to represent different compositions of the exhaust gas. The ORC cooling water is assumed to be pure water for simplicity of the system modelling. (4) The components of the biogas are simply assumed to be CH 4 and CO 2 .
Results and Discussion
Micro Gas Turbine (MGT)
Capstone micro turbines (Table 1) can cleanly and effectively run on methane gas obtained from sewage sludge and food waste treatment plants using an anaerobic digester. Rather than simply venting or flaring the methane gas, Capstone micro turbines can convert the free fuel to clean and reliable electricity for use on site [11] . Our system has stable operating conditions for MGT due to the gas bag. In the AD, the waste moves constantly, so the raw gas flow is also unsteady. However, the produced gas is first stored in the gas bag and then supplied to the power system. The gas bag holds 1-3 days' worth of gas, which is enough to suppress the temporal fluctuations caused by the AD. The heat losses from the MGT are included in the calculation of the MGT thermal efficiency. The heat losses from the ORC are relatively small due to the low operating temperature. Figure 3 shows the effects of the MGT power output for sewage sludge and food waste treatment plants. Table 2 shows the parameters used in the calculations. The CH 4 and CO 2 concentrations were set to 60% and 40%, respectively, and other substances were not considered because they have no heating value. Depending on the degree of airtightness of the system, the nitrogen level can be 2%-5%. All other substances are present at less than 1%, but the heating value depends on only the methane concentration.
As shown in Figure 3a , the biogas capacity increased in a straight line. These results came from the difference in the moles of methane entering and leaving the combustor. Figure 3b shows that the electric efficiencies of the MGTs are all the same when there is an increase in the MGT power output. Also, the net heat rates of the MGTs are all the same. Figure 3c shows the calculations of the mass flow rate of the fuel and the corresponding air. The rates increased considerably as the MGT power output increased. This occurs because a higher MGT power output requires higher rates. All of the outlet temperatures are constant within the MGT power output range of 200-1000 kW. As shown in Figure 3a , the biogas capacity increased in a straight line. These results came from the difference in the moles of methane entering and leaving the combustor. Figure 3b shows that the electric efficiencies of the MGTs are all the same when there is an increase in the MGT power 
Effect of Methane Concentration on MGT Operation
An actual sewage sludge and food waste treatment plant was used as a model plant, as shown in Table 3 . The analysis period is January 2014 to December 2014. The plant produces a monthly average of 473,364 m 3 of biogas from a population of 1,094,000 [30] . The 1000-kW MGT allows the plant's four anaerobic digesters to use the recovered biogas to produce electricity and help power its onsite electrical grid. As shown in Table 4 , the CH 4 concentration of the product biogas changes between 55% and 75%. As mentioned, the concentration of hydrocarbon contents directly affects the heating value of the product gas, as shown in Figure 4a . The rest of the biogas was assumed to be CO 2 . To look at the effect of the CH4 concentration on the MGT operation, we simulated the MGT performance and operating conditions at different concentrations, and the results are shown in Figure 4 . Figure 4b shows that the electric efficiencies of the MGTs increased by 1% when the CH4 concentration increased in the MGT, but the net heat rates of the MGTs also decreased by 3% because the CH4 concentration increases with the decreasing fuel flow rate, which leads to a drop in To look at the effect of the CH 4 concentration on the MGT operation, we simulated the MGT performance and operating conditions at different concentrations, and the results are shown in Figure 4 . Figure 4b shows that the electric efficiencies of the MGTs increased by 1% when the CH 4 concentration increased in the MGT, but the net heat rates of the MGTs also decreased by 3% because the CH 4 concentration increases with the decreasing fuel flow rate, which leads to a drop in the CO 2 concentration. Figure 4c shows the calculations of the mass flow rate of the fuel and corresponding air. The rates are similar because of the 1000-kW MGT power output. All of the outlet temperatures are constant because the parameters are the same for CH 4 concentrations in the range of 55%-75%.
Organic Rankine Cycle (ORC)
This study considers the 200-kW ORC system presented in Table 5 , which consists of heat exchangers for the evaporator and the condenser, a pump to feed R245fa to the evaporator, and a turbine generator [31] . The parameters shown in Table 6 were used for further analysis. Figure 5 shows the effects of the turbine inlet pressure for the ORC. When we use the ORC for further heating, the biodigester is heated by the cooling water from the ORC system. The biodigester is operated at 36.5 • C to maintain a mesophilic temperature that is optimal for active bacteria [32] . To achieve this, the cooling water temperature is increased to 50 • C. The pressure regulation makes the evaporation temperature fixed for the R245fa. As shown in Figure 5a , the power output of the turbine increased a little, and the power demand of the condenser decreased slightly with increasing turbine inlet pressure. This occurs because of the difference in enthalpy of the R245fa entering and leaving the turbine. The thermal efficiency is directly affected by the power output of the turbine. Figure 5b shows that the electric efficiency of the MGT/ORC increased a little when the turbine inlet pressure of the ORC increased. In contrast, the net heat rate decreased slightly. Figure 5c shows that the R245fa flow rate and cooling water decreased slightly as the turbine inlet pressure increased. This occurred because the higher turbine inlet pressure leads to more specific net work done and more specific evaporator heat input. Most of the outlet temperatures except at the condenser increased within the turbine inlet pressure range of 5-25 bar. Figure 6 shows the effects of the condenser outlet pressure for the ORC. In this case, the turbine inlet pressure and cooling water temperature are 20 bar and 30 °C, respectively. The temperature regulation results in fixed condensation pressure for the R245fa. As shown in Figure 6a , the power output of the turbine decreased a little, but the power demand of condenser increased slightly with increasing condenser outlet temperature. This occurs because of the difference in enthalpy of the R245fa entering and leaving the condenser. The thermal efficiency is directly affected by the power demand of the condenser. Figure 6b shows that the electric efficiency decreased a little when the condenser outlet temperature of the ORC increased, but the net heat rate increased slightly. Figure 6c shows that the R245fa flow rate increased slightly, but the cooling water flow rate decreased considerably as the condenser outlet temperature increases. The higher condenser outlet temperature decreases the specific net work done but increases the specific condenser heat input. The turbine outlet temperature increased within the condenser outlet temperature range of 50-90 °C. shows that the electric efficiency decreased a little when the condenser outlet temperature of the ORC increased, but the net heat rate increased slightly. Figure 6c shows that the R245fa flow rate increased slightly, but the cooling water flow rate decreased considerably as the condenser outlet temperature increases. The higher condenser outlet temperature decreases the specific net work done but increases the specific condenser heat input. The turbine outlet temperature increased within the condenser outlet temperature range of 50-90 • C.
The temperatures of sewage sludge and food waste in different seasons are presented in Table 7 . The temperature of cooling water entering the condenser is determined by the temperature of the waste [32] . Figure 7 shows the effects of the cooling water temperature for the ORC. In this case, the turbine inlet pressure and condenser outlet temperature are 20 bar and 50 • C, respectively. Only the cooling water flow rate increased significantly as the cooling water temperature increased. The higher cooling water temperature leads to a higher flow rate for the same condenser heat input. The rest of the cooling water temperatures are constant. The temperatures of sewage sludge and food waste in different seasons are presented in Table 7 . The temperature of cooling water entering the condenser is determined by the temperature of the waste [32] . Figure 7 shows the effects of the cooling water temperature for the ORC. In this case, the turbine inlet pressure and condenser outlet temperature are 20 bar and 50 °C, respectively. Only the cooling water flow rate increased significantly as the cooling water temperature increased. The higher cooling water temperature leads to a higher flow rate for the same condenser heat input. The rest of the cooling water temperatures are constant. Table 8 summarizes the thermodynamic simulation results. The system electrical efficiency ranges between 33.0% and 35.6%, which means that the optimal ORC system provides a 2.6% efficiency improvement for the parent MGT system. 
Case Study
Case 1: MGT + Biogas Boiler
The base case is used for reference and corresponds to the current situation. In this situation, biogas is partially burned in a boiler to heat the first digester, which is enough to supply the heat required during all four seasons ( Table 7 ). The rest of the biogas production can be consumed in a Table 8 summarizes the thermodynamic simulation results. The system electrical efficiency ranges between 33.0% and 35.6%, which means that the optimal ORC system provides a 2.6% efficiency improvement for the parent MGT system. 
Case Study
Case 1: MGT + Biogas Boiler
The base case is used for reference and corresponds to the current situation. In this situation, biogas is partially burned in a boiler to heat the first digester, which is enough to supply the heat required during all four seasons ( Table 7 ). The rest of the biogas production can be consumed in a 1000-kW MGT that would run continuously at full load or partial load. The MGT is sensitive to the ambient temperature, which can influence the net power and thermal efficiency. Figure 8 shows the effects of the biogas production and air/biogas inlet temperature shown in Table 9 . Table 10 shows the parameters used to calculate the thermal load of the biodigesters. Figure 8a shows that the power output of the 1000-kW MGT is mostly driven at full load except during spring. This occurs because of the lower biogas production. The power demand of the biogas boiler is directly affected by the seasons. Figure 8b shows that the electrical efficiency declines when the ambient temperature rises, but the heat rate shows an opposite tendency. This occurs because of the air/biogas inlet temperature. Figure 8c shows that the air flow rate increased slightly during the summer at full load. 8 17 
Case 2: MGT + ORC + Biogas Boiler
We analysed the annual performance of the MGT system with the bottoming ORC for the biogas plant. Similar to case 1, the biogas boiler burned the biogas to heat the biodigester, and the MGT used the remaining biogas until reaching its maximum capacity. The ORC system used the exhaust gas from the MGT, so the temperature of the exhaust gas was cooled from 280 to 125 °C. 
We analysed the annual performance of the MGT system with the bottoming ORC for the biogas plant. Similar to case 1, the biogas boiler burned the biogas to heat the biodigester, and the MGT used the remaining biogas until reaching its maximum capacity. The ORC system used the exhaust gas from the MGT, so the temperature of the exhaust gas was cooled from 280 to 125 • C. The transferred heat is used to evaporate the ORC working fluid from 35 to 125 • C. Figure 9 shows the annual operating results of the MGT with the bottoming ORC. Figure 9a shows that the ORC system produced the highest power output during summer due to the high mass flow rate of the exhaust gas (Figure 9c ) and the low required heat for the biodigester. Figure 9b shows the electrical efficiencies for the MGT and MGT/ORC systems. The MGT/ORC system has 3% higher efficiency throughout the year due to the additional heat recovery. The performance of MGT was decreased in summer due to increased compression work, and the combined system also showed a similar tendency. Figure 9c shows that the operating parameters of the ORC system did not change because the mass flow rate of the ORC cooling water changed instead. In this case, the MGT is fuelled with biogas, and its waste heat is used to drive an ORC. The digester's heating demand could partly be covered by the ORC condenser coolant. The biogas boiler is used to supply heat to the digesters. The monthly average thermal power demand is shown in Table 11 . Figure 10 shows the effects of the ORC condenser outlet temperature and digester inlet temperature. As shown in Figure 10a , the digester heating demand of the ORC condenser is continuously 200 kW during all four seasons. The ORC power system is not directly affected by the seasons. Figure 10b shows that the electrical efficiency and net heat rate are equal to those in Figure 9b . These results occur because parameters are the same. Figure 9c shows that the exhaust gas flow rate varied according to the MGT power output. The ORC system outlet temperature did not change at all. The condenser outlet temperature is fixed at 50 °C for the digester heating demand. In this case, the MGT is fuelled with biogas, and its waste heat is used to drive an ORC. The digester's heating demand could partly be covered by the ORC condenser coolant. The biogas boiler is used to supply heat to the digesters. The monthly average thermal power demand is shown in Table 11 . Figure 10 shows the effects of the ORC condenser outlet temperature and digester inlet temperature. As shown in Figure 10a , the digester heating demand of the ORC condenser is continuously 200 kW during all four seasons. The ORC power system is not directly affected by the seasons. Figure 10b shows that the electrical efficiency and net heat rate are equal to those in Figure 9b . These results occur because parameters are the same. Figure 9c shows that the exhaust gas flow rate varied according to the MGT power output. The ORC system outlet temperature did not change at all. The condenser outlet temperature is fixed at 50 • C for the digester heating demand. The annual amount of generated gross electricity for the three case studies is shown in Figure 11 . In the case of the hybrid power plant, the effect of ORC on total power output is clearly appeared. The generated electricity of the MGT is equal between the hybrid concept and the separate use cases. The highest amount of generated electricity per year is obtained in case study 3. This difference occurs because the condenser water is needed to obtain the required digester heating demand in the MGT/ORC hybrid concept. . Annual amount of generated electricity for case study.
Conclusions
This study analysed the thermodynamic performance of biogas-fuelled power systems based on an MGT with a CHP, bottoming ORC, or both a bottoming ORC and CHP. We analysed the effects of system size, methane concentration, and ORC operating conditions. The analysis led to the following conclusions:
(1) We analysed the performance of different sizes of MGTs and selected a 1000-kW MGT for the AD with 28,000-m 3 capacity. The AD plant produced a monthly average volume of 473,364 m 3 of biogas with 60% methane concentration. Different methane concentrations directly change the required biogas volume because the MGT has good fuel flexibility. (2) We analysed the performance of ORC systems with different operating conditions, and the 150-kW ORC system was selected for the MGT exhaust. (3) The CHP-ORC system provides heat for the biodigester, and the net power output was decreased to 128.9 kW due to the lower ORC turbine expansion ratio. (4) The annual operating characteristics of each system were evaluated, and the MGT with both the bottoming ORC and CHP provides the highest annual net power output. Each system Figure 11 . Annual amount of generated electricity for case study.
(1) We analysed the performance of different sizes of MGTs and selected a 1000-kW MGT for the AD with 28,000-m 3 capacity. The AD plant produced a monthly average volume of 473,364 m 3 of biogas with 60% methane concentration. Different methane concentrations directly change the required biogas volume because the MGT has good fuel flexibility. (2) We analysed the performance of ORC systems with different operating conditions, and the 150-kW ORC system was selected for the MGT exhaust.
Energies 2017, 10, 275 21 of 22 ( 3) The CHP-ORC system provides heat for the biodigester, and the net power output was decreased to 128.9 kW due to the lower ORC turbine expansion ratio. (4) The annual operating characteristics of each system were evaluated, and the MGT with both the bottoming ORC and CHP provides the highest annual net power output. Each system produced 7.4, 8.5, and 9.0 MWh per year. However, a complete thermoeconomic analysis is required to evaluate the feasibility of the system.
